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The sodium (Na) channel is the fundamental unit of
excitability in heart muscle. This channel has been very
difficult to study in detail, because the major experi.
mental tool, the voltage clamp, has been difficult to use
in multicellular tissue. In the absence of more direct
studies in the heart, it has been assumed that the sodium
channel in the heart was the same as that in nerve tissue,
where it could be studied quantitatively. However, the
sodium channel is not likely to be the same as in nerve,
because it responds differently to local anesthetics and
to other drugs such as tetrodotoxin. It is essential to
learn the details of the cardiac sodium channel, because
it is the membrane process that underlies many lethal
cardiac arrhythmias, and it is the molecular site of action
of the most effective antiarrhythmic drugs.
Single cardiac Purkinje cells were dialyzed at room
The sodium (Na) channel is the fundamental unit of excit-
ability in heart muscle. This channel has been very difficult
to study in detail, because the major experimental tool, the
voltage clamp, has been difficult to use in multicellular
tissue. Indeed, most of what we know about sodium channel
behavior was reported in the 1950s by Weidmann (1). Ih
the absence of more direct studies in the heart, we have
been obliged to assume that the sodium channel in the heart
was the same as that in nerve tissue, where it could be
studied quantitatively. However, we know that the sodium
channel is not likely to be the same as in nerve tissue,
because it responds differently to local anesthetics and to
other drugs such as tetrodotoxin. It is essential that we learn
the details of the cardiac sodium channel, because it is the
membrane process that underlies many lethal cardiac ar-
rhythmias, and it is the molecular site of action of the most
effective antiarrhythmic drugs.
Recently, two new electrophysiologic techniques have
been developed that may permit detailed studies of the car-
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temperature through a large bore pipette, and their Na+
currents were studied under voltage clamp control. The
peak currents were 0.5 to 1.0 mAlcm2 , assuming a 1
p.farad/cm2 membrane. Peak currents near 0 mV were
achieved in less than 1 ms. The decay of the Na+ current
did not correspond to a single exponential process. This
result and the observation that recovery from inacti-
vation occurred with a latency are inconsistent with the
original Hodgkin-Huxley model, but they qualitatively
fit a model with two sequential inactivated states or a
model with two kinetically different types of Na+ chan-
nels. The steady state inactivation curve shifted in the
negative direction after initiation of intracellular
dialysis, stabilizing with a half-availability voltage of
-115 mV.
(J Am Coil CardioI1986;8:79A-85A)
diac sodium current of a quality approaching that of the
studies in nerve tissue. One of these advances is the ability
to dissociate single cardiac cells from multicellular prepa-
rations by enzymatic digestion, producing single viable car-
diac cells (2). The second technical advance is the devel-
opment of the method of sealing a large bore pipette to a
cell and establishing a low resistance connection to the cell
cytoplasm for voltage clamp control and internal dialysis.
We have separated single canine Purkinje cells by ex-
posure to a collagenase solution (3). We adopted a technique
developed by Kostyuk et a1. (4) in Kiev, USSR for nerve
cell perfusion and voltage clamping. We could control the
internal concentration of sodium and clamp the cardiac cell
membrane potential successfully. The current did not follow
the Hodgkin-Huxley model for nerve cells. Some aspects of
this work have been presented in abstract form (5-7).
Methods
Isolation of single cells. Single canine Purkinje cells
were obtained by enzymatic digestion followed by me-
chanical dispersion. The details are published elsewhere (3),
and only a brief account will be given here. Free running
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Purkinje fibers were obtained from the hearts of adult mon-
grel dogs. The fibers were cut into short lengths (2 to 4 mm)
and incubated in a digestion medium (Eagle's minimal es-
sential medium [Gibco] with 5 mg/ml crude collagenase
[Worthington] and modified to contain 0.1 mM free Ca2 + ,
5.6 mM Mg2 + and I mg/ml albumin at pH 6.2) for 4 hours.
The fibers were then transferred to a dispersion solution
(130 mM potassium glutamate, 5.6 mM magnesium chlo-
ride, 0.1 mM ethylene glycol tetraacetic acid, 5.0 mM dex-
trose, 5.0 mM Hepes buffer, pH 6.2) and subjected to low
speed dispersion with a homogenizer (Virtis-45) for ap-
proximately 3 seconds. The resulting cells were centrifuged,
washed and placed in the experimental solution. The yield
(10 to 80%) of Ca2 + tolerant cells was sufficient for elec-
trophysiologic study.
Voltage clamp and data collection. The voltage clamp
circuit was made in our laboratory and used a low noise
inverting unity gain control amplifier (Burr Brown OPA 27)
for the command potential, and a separate high speed am-
plifier (Analog Devices 528) in a virtual ground configu-
ration to measure current (Fig. 1). Series resistance com-
pensation was achieved by passing an appropriate fraction
of the output of the virtual ground amplifier to the command
amplifier. Square voltage clamp steps were rounded with a
single resistance-capacitance with a time constant of 2 f.LS.
Voltage clamp protocols were fed to the clamp circuit from
a microprocessor (CompuPro 8086) through a digital to
analog board (Dual S-100 bus AID) by software written in
our laboratory. This allowed complex voltage clamp pro-
tocols to be written in advance and performed rapidly and
accurately during the experiment. Data were recorded on
frequency modulation tape (frequency response 5 kHz). Faster
events such as capacity current spikes were photographed
from the oscilloscope screen. Capacity current subtraction
was not employed because the duration of the capacity tran-
sient was brief, and because the duration of the capacity
transient decay is a useful indicator of voltage control. On-
line linear leak current subtraction was used in some ex-
periments.
Experimental procedure. The suction pipette was fash-
ioned from polyethylene tubing (inner diameter 1.14 mm,
outer diameter 1.57 mm) using a technique (4) introduced
to our laboratory by Dr. A. I. Undrovinas of the Cardiology
Research Institute, Moscow, USSR. A 4 cm long piece of
tubing was bent using heat from a hot air stream into a V
shape. The tip of the V was softened by heat while a blunt
wire was inserted down one of the limbs of the tube in order
to stretch, but not break through the wall at the tip. This
served the dual function of thinning the plastic wall of the
tube at the tip of the V, and of forming a projection that
allowed easier access to the bottom of the chamber. The
tube was then mounted on a microscope stage which had a
second microscope aligned at a right angle to the first to
allow biplane viewing. A fine-tipped stainless steel needle
Figure 1. Simplified schematic of polyethylene suction pipette
and electronics used to voltage clamp single canine cardiac Pur-
kinje cells. The holding potential and voltage clamp steps are
introduced at point Ye • The bath is maintained at virtual ground
potential by a current to voltage amplifier, with the membrane
current measured at point 1m • A fraction of this signal is returned
to point Yc over the resistor (R,) as series resistance compensation.
Arrows indicate direction of solution flow.
mounted on a micromanipulator was used to create a 10 to
15 f.L pore in the thinned wall at the tip of the V-shaped
tube.
The suction pipette was mounted on a Huxley micro-
manipulator. Internal perfusate flowed by gravity into one
limb of the suction pipette; the other limb was connected
to a hydrostatic column that could be adjusted to provide
different levels of negative pressure at the pore. Electrical
connection to the interior of the cell was made through a
3 M potassium chloride agar bridge mounted near the pore
in the outflow limb of the suction pipette, and connected to
a silver-silver chloride half cell.
Cells were placed in a 1.4 ml volume Plexiglas chamber
perfused by the extracellular solution which was maintained
at ground potential by the virtual ground amplifier. Electrical
access to the bath was made by a 3 M potassium chloride
agar bridge mounted in the chamber outflow track and con-
nected to a silver-silver chloride half cell. The chamber was
mounted on an inverted microscope (Nikon) stage.
Single cells were drawn into the pore by bringing the tip
of the pipette close to the selected cell, and applying suf-
ficient negative pressure to the inside of the pipette to draw
the cell partially into the pore. Electrical seal of the cell to
the pipette pore was confirmed by a marked decrease in the
amount of current passed in response to 20 mV hyperpo-
larizing voltage steps. A sharp negative pressure transient
was applied to the interior of the pipette to rupture the cell
membrane within the pore, thereby providing electrical and
perfusate access to the interior of the cell. Membrane rupture
caused a sudden increase in the capacity transient and the
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decay time constant of greater than 150 J,Ls were not used
for Na + current studies.
Figure 3. Membrane current records showing "clamp back" re-
sponses during Na + currents. Depolarizing voltage steps from a
holding potential of -86 mV were made to -46 mV for 1, 2, 3
and 7 ms before clamping back to the holding potential. The record
shows rapid decay of Na+ currents after each clamp back, sug-
gesting good voltage control under these conditions.(Na,+ = 10
mM, Nat = 150 mM, Caij+ = 1.8 mM, Na+ current was 50%
inactivated at a holding potential of - 86 mV.) Peak capacity
currents are not recorded.
Results
Capacity transient and leak current. Multiple traces
of the transient capacity current were photographed from an
oscilloscopic screen (Fig. 2), because the tape recorder did
not have adequate frequency response to record capacity
transients accurately. The example shown was slower than
most used in these experiments, but it reproduces well, and
illustrates the single exponential decline of the capacity cur-
rent. It was possible to select cells for study in which the
transient capacity current was complete within 150 J,LS. Mea-
surement of the charge required to change the membrane
voltage could be combined with the assumption of 1 J,Lfarad
(F)/cm2 to estimate that about half of the cell surface was
subjected to the clamp. In most cases leak current was very
small relative to sodium currents. The leak was estimated
by measurement of the steady current remaining after volt-
age steps of 20 to 50 ms duration. For these experiments
we assumed a linear leak current.
Clamp control. One procedure used to test for adequacy
of clamp control was to terminate the Na + current prema-
turely. The membrane was stepped to a voltage at which
development of Na + currents in response to an appropriate
voltage clamp step.
Experimental conditions. All studies were conducted
at room temperature (22 to 24°C). Internal perfusates were
tris glutamate at pH 7.3 and varying concentrations of Na+
(10, 15 and 100 roM) with 1.0 roM ethylene glycol tetra-
acetic acid. External perfusates were of two types: normal
Na+ solutions were sodium chloride 150 roM, Ca2+ 0.3,
1.0 or 1.8 roM, Mg2 + 1.0 roM and Hepes 5 roM buffered
to pH 7.3. Low Na+ solutions were sodium glutamate 45
roM, tris glutamate 105 roM at pH 7.3, Ca2+ 1.0 roM and
Mg2 + 1.0 roM. Ni2 + 1.0 roM was used in some experiments
to block calcium channels.
Series resistance. The majority of series resistance lies
in the pore of the pipette (200 to 500 kO depending on the
size of the pore) and compensation can be largely achieved
by electronic feedback. Additional series resistance (50 to
200 kO) results when a cell is drawn into the pipette, and
it depends on the size of the celt remaining after disruption
of the membrane inside the pipette pore. This additional
series resistance (which is distributed and cannot be com-
pensated) agrees well with the resistance of the cytoplasm
estimated by assuming an average cell dimension of 100 J,L
long by 20 J,L in diameter, and a specific cytoplasmic re-
sistance of 100 O-cm. Voltage control is determined by the
magnitudes of the currents flowing over the series resistance.
The best way to reduce both capacity currents and Na +
currents is to reduce the amount of membrane being studied.
Smaller cells can be selected for study, but this increases
the distributed series resistance because of the smaller cross-
sectional area of the cell. We reduce the amount of mem-
brane to be studied by selecting large diameter cells (to
minimize series resistance attributable to cytoplasm), and
then by bringing as much of the cell as possible into the
pipette before allowing the seal to form. The cell remaining
outside the pipette is then studied by amputating the part of
the cell that is inside the pipette with a pressure transient.
Reduced external Na + was used in some experiments to
reduce Na + currents to assure adequate voltage control. As
a practical matter during the experiments, the rapidity of
capacity transient decay was assessed; cells with a capacity
-\[J;;:=-_.'
J
~ 20nA
1 msec
Figure 2. Time course in milliseconds (t) for mem-
brane capacity current in nanoamps in response to a
60 mV hyperpolarization from -80 to -140 mY.
Series resistance (600 kil) was suboptimal for clamp-
ing Na+ currents. Membrane capacity (196 pF) cal-
culated from charge delivered was comparable with
other preparations. No leak current correction was per-
formed. The decay of the capacity transient was a single
exponential, as demonstrated by the logarithmic plot
shown in the inset.
100
I (nA)
10
0.2
I (msec)
0.4
__120nA
0.1 msec
82A FOZZARD ET AL
SODIUM CURRENTS IN CARDIAC CELLS
JACC Vol 8, No 1
July 1986:79A-85A
Na + current was activated. In the example shown in Figure
3, the step was to - 46 mV, which was on the ascending
limb of the peak sodium current-voltage relation, near its
peak. This region was chosen because it is likely to be the
most difficult in which to control the current. Stepping the
voltage back to holding potential near the peak of the tran-
sient sodium current led to an initial surge of tail current
which rapidly decayed. The illustration is a photograph taken
directly from the face of the oscilloscope because, as noted,
the tape recorder could not follow these current transients
accurately. Consequently, it was not possible to subtract the
capacity transient from the current record. The capacity
Figure 4. INa in a single cardiac Purkinje cell. A, A family of
membrane current traces in response to a series of square voltage
clamp steps from a holding potential of - 110mV to different
depolarized potentials. Conditions are Caij+ = 0.3 mM, Nat =
100 mM, N3(j = 150 mM, temperature = 22°C. Smaller depo-
larizing steps elicit graded inward Na+ currents. Larger depolar-
izing steps elicit outward Na+ currents which are seen to be sep-
arate from the capacity transient. Note brief duration of capacity
off spikes. (Reproduced from FM tape.) B, Detail of membrane
currents near Na+ current reversal; conditions as in A. (Photo-
graphed from storage oscilloscope, capacity transient speed ex-
ceeded recording capability.) C, Peak current-voltage plot for A.
Reversal potential for Na+ current is +16 mY.
transient at the end of the 10 ms step to - 46 mV shows a
somewhat faster time course. It is obvious that the time
constant of current decay after return to holding potential
at the time of peak current is about 10 times smaller than
the time constant of current decay during a maintained de-
polarization. Also, the decay after return to holding potential
was about the same when the clamp back was made from
various levels of sodium current. This behavior is consistent
with good voltage control.
In other experiments the Na + of the internal dialysate
was changed from 100 to 10 mM and the voltage for transient
current reversal was measured. The shift in reversal was 50
to 52 mV, somewhat less than the 59 mV predicted if rapid
exchange of internal sodium was achieved. The result, and
the finding that the reversal potential during steady perfusion
was very close to that predicted from the outside solution
and the dialysate, encouraged us to believe that the perfusion
system was effective for controlling the internal concentra-
tion of small mobile ions.
Voltage-current relation. When the membrane was
stepped from a negative holding potential to more positive
values, transient inward currents were activated that resem-
bled those seen in other excitable cells (Fig. 4). The thresh-
old for activating the inward currents was - 60 to - 65 mV.
The only permeant ion available to carry inward current was
r
~ 20nA
0.5 msec
========- 1100 mV
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Na +, SO it is assumed that these are sodium currents. In
one experiment the currents were completely and reversibly
blocked by 20 p.,M tetrodotoxin.
With increasing magnitude of voltage steps, the Na +
current increased faster and decayed faster, and currents
near the peak of the maximal sodium current-voltage relation
reached their maximal value within 1 ms. The voltage at
which peak currents occurred was - 30 to - 40 mV. The
descending phase of the peak Na + current-voltage relation
was almost linear with 100 roM Na + on the inside and 150
roM on the outside. The voltage at which transient current
reversal occurred was easily determir.ed, and it was possible
to obtain outward Na + currents as large as the peak inward
currents. These outward currents peaked in as short a time
as 250 p.,s. Peak inward current magnitudes were 50 to 150
nA. When adjusted for cell capacity this represented peak
currents of about 0.5 to 1 mAJp.,F (or 0.5 to 1 mA/cm2 , if
we assume a 1 p.,F/cm2 membrane).
Decay of sodium current. Except for the small currents
close to threshold, the sodium current was completed by 10
ms. Steady or slowly decaying currents were not seen under
any condition studied, although the signal to noise ratio of
our recordings could have caused us to miss steady or slowly
decaying currents that were less than 2% of peak sodium
currents.
The time course of Na + current decay was obviously not
a single exponential (Fig. 4 and 5). This is illustrated in
Figure 5A by plotting the log of the absolute value of the
current. Mean least-squared fits for two exponentials were
made to the Na+ current decay traces. The time constants
of the two phases are also shown in Figure 5B. Between
- 40 and 0 mV, the faster time constant decreased from
about 2 ms to about 0.5 ms. The slower time constant could
not be separated at - 40 mV, but at 0 mV it was about 2
ms, three to four times longer than the faster time constant.
In these experiments it was not possible to study current
decay between 0 and +40 mV because the currents were
too small. Large outward Na + currents appeared to be fitted
well by one exponential. In the voltage range of - 40 to 0
mV, four of four cells examined showed current decay that
could not be well fitted by a single exponential.
Steady state inactivation. Availability of Na + current
is dependent on the conditioning potential that precedes the
test step. The relation was tested by a conditioning step for
500 ms to various potentials from -160 to - 80 mV, fol-
lowed by a test step to provoke Na + current. The results
of seven studies in one cell are shown in Figure 6. Three
voltage levels were used for the test pulse: - 30, - 50 and
- 60 mV. Three of the studies included a 2 ms intermediate
voltage step to - 100 or - 120 mV, interposed between the
conditioning and the test pulses.
The availability of Na + current had a sigmoid relation
to the conditioning potential, as found in other excitable
cells (Fig. 6). The results obtained by the different protocols
A
~,-----------~,--- I 50 mv
-.,.;\ ~__------"':r-.-J 50 nA
V 1 msec
B
2.0
x x x
t i x X t 2
(rnase) 0
1.0 0
0
0
0 t 1
0
-40 -20 0
V t (mV)
Figure 5. Decay of Na+ current during maintained depolarizing
voltage clamp steps. A, Na+ current (middle trace) in response
to a depolarizing voltage step from -82 to -28 mV (top trace)
is shown. A semilogarithmic plot of the decay phase ofNa+ current
(bottom trace, leak subtracted and inverted) is not linear and
demonstrates that the decay of Na+ current cannot be described
by a single exponential. If a two exponential decay is assumed,
the initial fast decay can be fitted with a time constant (t) of 1.0
ms. The slower decay can be fitted by an exponential with t =
1.8 ms. (Nat = 10 ruM, Nat = 150 ruM, Caij+ = 0.3 ruM,
Na+ current 40% inactivated at - 82 mV. Photograph is digitized
from FM tape.) B, Plot ofthe two time constants (t) ofNa+ current
decay for depolarizing clamp steps to different potentials VI' Time
constants were determined by peeling the slower exponential from
the faster one, and values were confirmed by nonlinear regression
to a two exponential decay. A single time constant of decay was
seen at -40 mY. (Same conditions as A.)
were identical, indicating that the test voltage level was not
important to the result and an intermediate pulse was not
necessary. The half-availability voltage in this experiment
was - 115 mV. Note that no Na + current could be elicited
from - 80 mV. The measurements were made about 15
minutes after beginning internal dialysis of the cell. When
this relation was studied immediately after beginning to
dialyze the cell, the half-availability voltage was about - 80
mV. Over the next 10 minutes it shifted in the negative
direction, stabilizing at -115 mY. The same final value
for the half-availability voltage was found in seven cells.
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-80
Ln(1/I -1) Figure 6. Steady state inactivation of Na + cur-
rent. Conditioning potential steps (Vc) ( - 160 to
- 80 mV) of 500 ms duration were followed by
a depolarizing step to a depolarized potential (V,)
in order to elicit Na + current. Peak Na + current
for each Ve was normalized to the maximal Na+
current obtained (lNallg;~X) and is plotted as open
circles against Ve , A symmetric curve was fitted
to the right side of the data and it shows the de-
viation of the data from a symmetric sigmoid. The
function Ln (1/1 -1) linearizes a symmetric seg-
ment curve (where I = INa/m:X), This logarithmic
plot of the data (inset) shows two slopes, dem-
onstrating the nonsymmetry of the relation, Note
also the general negative shift in the curve on the
voltage axis. This relation held for n = 7 (standard
error bars were less than the circles used to plot
the points) and it was independent of the V, used
or the presence of short intermediate steps, See
text for details, (Na,+ = 15 mM, Nat = 45 mM,
C<i6+ = 1,0 mM,)
x
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Recovery from inactivation. The time course of re-
covery of Na + current was examined using a two step pro-
cedure. The Na + current was completely activated by a 100
ms voltage step to - 30 mY, After a variable period of
repolarization, a second step was made to - 30 mY, The
pattern of recovery is shown in Figure 7 by overlapping a
series of pairs of steps with different recovery intervals,
Recovery occurred in a sigmoid fashion, with little or no
recovery for 1 to 3 ms, followed by steep recovery that
could usually be fit by two exponentials, The delay in onset
of exponential recovery was apparently dependent on the
voltage at which recovery occurred,
Discussion
Na + currents in single cardiac cells have been reported
by several laboratories. Some of the most complete studies
are those in single rat ventricular cells (8-11) as well as in
human atrial cells (12) and bullfrog atrial cells (13), The
reported properties of the Na + currents were not identical,
and some of the differences may be attributable to species
or to the health of the dissociated cardiac cells,
The studies most similar to ours in clamp control and
experimental methods are those of Brown et a1. (8,9). Their
peak currents of 0.5 mA/cm2 are similar to ours. They also
reported that decay of the transient Na + current during sus-
tained depolarization did not follow a single exponential
time course, Their studies of recovery of Na + current after
inactivation also demonstrated a lag before onset of the
exponential time course of recovery. These characteristics
are not predicted by the original Hodgkin-Huxley model for
the Na + current, but they have been identified in other
tissues and characterized in nerve cells (14-16). Chiu (14)
found his results to be consistent with a model of the Na +
channel that contains two sequential inactivated states, and
our results could also be explained by the same model.
An alternative interpretation of these experimental results
is that there are several kinetically different types of Na +
channels, Evidence for the existence of two types of Na +
channels has been found using patch clamp studies (17-
19).
Steady state availability of Na + currents is a sigmoid
function of voltage. In these experiments, the location of
this relation on the voltage axis shifted in the negative di-
rection with time after initiation of internal dialysis. Al-
though we have obtained relations with half-availability
voltages of - 80 mY early after the onset of dialysis, we
cannot be sure that this represents the result one would
obtain in the intact cell. It seems plausible that the shift is
the result of some change in the internal solution, such as
Figure 7. Recovery of Na+ current from inactivation. A 100 ms
long step from a holding potential of - 120 mV was made to - 30
mV to inactivate the Na+ current. The membrane potential was
then repolarized to -100 mV for variable lengths of time, and
was followed by a second depolarizing step to - 30 mV. This
figure shows Na + currents elicited in response to the second de-
polarizing step. Note in A the initial lag in the onset of recovery,
and in B the sigmoid relation of recovery of the complete current
envelope. (Na,+ = 15 mM, Nao+ = 45 mM, C<i6+ 1.0 mM.)
A B
I I I •• ' • I •• 1','1 , ,.. \'\~ ,.11' . '-r (';ITI I
I I
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washout of an ion or a small molecule. Similar shifts have
been seen by other investigators during patch clamp re-
cordings of cardiac cells (17-19).
Summary
Single cardiac Purkinje cells were dialyzed at room tem-
perature through a large-bore pipette, and their Na + currents
were studied under voltage clamp control. The peak currents
were 0.5 to 1.0 mA/cm2 , if we assume a 1 JLF/cm2 mem-
brane. Peak currents near 0 mV were achieved in less than
1 ms. The decay of Na+ current did not correspond to a
single exponential process. This result and the observation
that recovery from inactivation occurred with a latency are
inconsistent with the original Hodgkin-Huxley model, but
they qualitatively fit a model with two sequential inactivated
states or a model with two kinetically different types of Na +
channels. The steady state inactivation curve shifted in the
negative direction after initiation of intracellular dialysis.
stabilizing with a half-availability voltage of - 115 mV.
The results reported in this study emphasize that the
cardiac sodium channel is not identical to the nerve sodium
channel, and other studies have documented that antiar-
rhythmic drugs affect nerve and heart differently. Therefore,
mechanisms of action of antiarrhythmic drugs derived from
studies in nerve cells may not be applicable to the heart.
With new voltage clamp methods, such as those used in
this study, it is now possible to investigate directly the
mechanisms of action of antiarrhythmic drugs on cardiac
sodium currents. This knowledge should be of great value
in developing superior antiarrhythmic drugs. In addition,
further study of sodium current in the heart may lead to a
better understanding of the cellular conditions necessary for
the onset and termination of ventricular tachycardia and
ventricular fibrillation.
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